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Introduction
Schizophrenia is a complex syndrome mainly defined by positive and negative symptoms of psychosis (Mueser and McGurk, 2004) . It is increasingly viewed as a developmental disorder with onset of first major symptoms normally in late adolescence following a prodromal period lasting a number of years (Insel, 2010 , Fusar-Poli et al., 2013 . Current antipsychotic treatments mainly reduce positive psychotic symptoms but are less effective at treating the broad range of cognitive and emotional disturbances associated with the disorder, and may themselves also contribute to brain changes (Milev et al., 2005 , MacDonald and Schulz, 2009 , Ho et al., 2011 .
Many neuroimaging and neurophysiological studies have reported structural and functional changes in the brains of schizophrenia patients, particularly dysconnectivity between frontal, parietal and temporal regions and the two brain hemispheres. These changes are also often associated with the symptom severity (Friston and Frith, 1995 , Liang et al., 2006 , Garrity et al., 2007 , Zhou et al., 2007 , Greicius, 2008 , Lui et al., 2009 , Lynall et al., 2010 , Guo et al., 2012 . Although there is considerable variability in reported findings, the default mode network (DMN) is often implicated , Bluhm et al., 2007 , Garrity et al., 2007 , Whitfield-Gabrieli et al., 2009 .
A major focus has been on identifying key genetic contributions to schizophrenia, although robust links between specific neural circuitry changes and genetic polymorphisms are not reliably established. One gene frequently associated with schizophrenia is the Disrupted in Schizophrenia Gene 1 (DISC1), which has a protein scaffold function and influences both neuronal signalling and development (Brandon et al., 2009 , Thomson et al., 2013 . A recent review of all genes associated with risk prediction for schizophrenia identified DISC1 as the top candidate (Ayalew et al., 2012) , although not all studies have found significant links (Brandon et al., 2009 , Mathieson et al., 2012 . Three common missense mutations in DISC1 often associated with schizophrenia are R264Q (rs3738401), L607F (rs6675281) and S704C (rs821616) in Caucasian populations and S704C in the Chinese Han population (Qu et al., 2007 , Brandon et al., 2009 .
While DISC1 variants, particularly L607F and S704C, are associated with altered development, structure or function in frontal and temporal cortical regions in both healthy subjects and schizophrenia patients (Duff et al., 2013 , Thomson et al., 2013 , findings are often inconsistent, do not incorporate internal validation steps and are usually seed-based rather than using an unbiased brain-wide association approach. Also, no studies have investigated altered resting-state functional connectivity associated with DISC1, although structural connectivity changes have been associated with S704C in healthy subjects .
A semi-parametric regression model has been proposed to describe the association between SNPs in the same genetic pathway or nearby loci. In this way, the covariate effect of a single locus is modelled parametrically but the pathway interaction of multiple gene SNPs is modelled non-parametrically by using least-squares kernel machines (LSKM) , Kwee et al., 2008 . This approach has been shown to be flexible for modelling highdimensional interactions while allowing for covariates, and efficient for association mapping of quantitative traits (Ge et al., 2012 ).
In the current study we have used an imaging genetics approach, based on semiparametric regression and LSKM, to investigate brain wide associations between six single nucleotide polymorphisms (SNPs) of the DISC1 gene and grey matter (GM) and resting-state functional connectivity changes in the brains of both schizophrenia patients and healthy controls. Initial analysis was carried out on a combined group of controls and patients to increase statistical power. Additionally, we performed an internal validation of the robustness of our findings using a Jackknife approach, and investigated correlations between DISC1 SNP-associations and symptom severity and illness duration in patients.
Materials and Methods
A schematic showing the overall experimental design used in the study is provided in Figure   1 .
Subjects. A total of 46 schizophrenia patients and 24 healthy controls were recruited from the Second Xiangya Hospital, Central South University, China. The patients and healthy controls were right handed and matched for sex and education duration, although control subjects were slightly older (Table 1 ). All except one of the patients were Han Chinese. The patients were interviewed by trained psychiatrists and met the DSM-IV diagnostic criteria for schizophrenia. Patient symptoms were evaluated using the Positive and Negative Symptoms Scale (PANSS). Eight patients (17.4%) did not take any antipsychotics, and thirty-eight patients were receiving antipsychotics at the time of scan: thirty-seven patients (80.4%) were receiving second generation antipsychotics (SGAs) (clozapine, risperidone, quetiapine, olanzapine, sulpiride or aripiprazole), in which thirty-one patients (67.4%) received monotherapy and six patients（13%）received polytherapy with two SGAs, and only one patients (2.2%) were receiving combination therapy (combining a first-generation antipsychotics and an SGA). All medication doses were converted to chlorpromazine equivalence (50~1067 mg/day). The mean dosages of monotherapy and polytherapy with SGAs and combination therapy were 431.3 mg/day, 466.7mg/day and 400 mg/day, respectively. The mean duration of therapy for the patients was 32.2 weeks (range 2-144 weeks). The healthy controls were all assessed by structured interviews with experienced psychiatrists in accordance with DSM-IV criteria as being free of schizophrenia and other Axis I disorders. None had any neurological diseases or suffered from clinically significant head trauma or had a history of any substance dependence. Written informed consent was obtained from all individual participants, and research procedures and ethical guidelines were followed in accordance with the Institutional Review Board (IRB) of the Second Xiangya Hospital, Central South University. Genomic DNA was extracted from whole blood using standard protocols.
Genotyping of DISC1 variants. The reference sequence of the DISC1 gene was acquired from the UCSC Genome Browser (NM_018662). Three segments containing functional variants rs3738401 (R264Q), rs6675281 (L607F) and rs821616 (S704C) were sequenced in all samples using BigDye Terminator version 3.1 in ABI 3100 sequencers (Applied Biosystems, Foster City, CA). The forward primer of rs3738401 (R264Q) was 5'-GTT CCT TTC CCC AGC AGT G -3' and the reverse was 5'-AGA ATG CAT GTC ACG CTC T -3'.
The forward primer of rs6675281 (L607F) was 5'-GAT GGC TTC ACC AAT GGA AC -3' and the reverse was 5'-CAG GTT GAG ACA GGG AA AGA -3'. The forward primer of rs821616 (S704C) was 5'-TGT CTC AGC TGC AAG TGT CC -3' and the reverse was 5'-ATG CCA AAA GTT GGG TTT TT -3'.
After sequencing, ten DISC1 variants were identified, six of which were common SNPs with minor allele frequency > 5% in our samples. These six SNPs: rs3738401 (R264Q), rs2738880, rs12133766, rs1535530, rs821616 (S704C) and rs821617, were included in the following analysis while four rare variants: rs56020408, rs6672782, rs11122391, rs6675281 (L607F) were excluded due to their low frequencies in our samples.
Linkage disequilibrium (LD) analysis of SNPs was tested using Haploview 4.2 software. Structural MRI acquisition and pre-processing. All image data were acquired using a Field theory . The normalization, segmentation, and modulation were completed in one step, resulting in modulated GM. In the normalization, all images were spatially normalised to the T1-weighted template in the Montreal Neurological Institute (MNI)
space, and were re-sampled into a final voxel size of mm 3 . The modulated images were then smoothed with a full-width at half-maximum (FWHM) 8-mm Gaussian kernel for further analysis. Identification of brain regions was performed used the automated anatomical labelling (AAL) atlas which parcellates the brain into 90 regions of interest (ROIs; 45 in each hemisphere) (Tzourio-Mazoyer et al., 2002) . In the following, we only use Talairach coordinates to locate the voxels in brain, which is a common coordinate system used in fMRI and transcranial stimulation studies of brain regions (Bankman, 2008 ). An alternative system is the Montreal Neurological Institute and Hospital (MNI) coordinate, which can be transformed to the Talairach coordinate by the following equations: resolution, 64× 64; flip angle, 90 °). Prior to pre-processing, the first 10 volumes were discarded for scanner stabilisation and the subjects' adaptation to the environment.
Pre-processing of fMRI data was then conducted using SPM5 and a Data Processing Assistant for Resting-State fMRI (DPARSF) (Chao-Gan and Yu-Feng, 2010 
vector with the element s i G , being the genotype for the SNPs of subject i, which is coded to be the number of copies of the minor allele that subject i possesses for SNPs, and takes the values of 0, 1, or 2. The semi-parametric model for a given voxel is: . In particular, following the following setup (Kwee et al., 2008 , Ge et al., 2012 , the kernel function (matrix) is defined:
denotes the number of alleles shared IBS by subjects j and k at the SNPs, and takes values 0, 1, or 2. Here, we assume 1   IBS if one individual has missing genotype and emphasise that it does not affect the results if picking other values. The healthy control and schizophrenia subjects were mixed into this model to increase the statistic power, which is a routine in imaging genetic association study towards illness (Hibar et al., 2011a , Hibar et al., 2011b , Ge et al., 2012 , see (Hibar et al., 2011a) for a review and (Hibar et al., 2011b , Ge et al., 2012 , Vounou et al., 2012 for examples.
By using a connection to Linear Mixed Models, a score statistic based on the null (non-SNP) model can be used to test the effect of multiple SNPs on the traits : Group correlation coefficients between ROIs. After data pre-processing, the fMRI data were extracted into voxel-wise time courses. Considering two ROIs, each of which have a number of time courses, denoted by 
Voxel-wise association analysis (VWAS).
The T1-weighted structural data were analysed for the association with DISC1 variants using the multi-locus approach of a semi-parametric regression model (see above). Six SNPs of DISC1 were considered in the model, and covariate effects such as sex and age modelled parametrically (i.e. linearly), including an intercept column with all components equal to 1. The interaction of SNPs was modelled nonparametrically using a least-squares kernel machines (LSKM) approach which allowed a flexible function of the joint effect of multiple SNPs on the imaging traits by specifying a kernel function (Kwee et al., 2008) . The SPM5 based General Linear Model was used to estimate regression parameters and achieve residual error vectors. By using a connection to Linear Mixed Models, a score statistic based on the null (no-SNP) model was used to test the effect of multiple SNPs on traits followed by a Satterthwaite approximation test .
Thus, chi-square statistics at all voxels form a statistical parametric mapping. Two analyses are performed in this study: highest peak identification and largest cluster localisation. A region-wise Bonferroni correction (i.e. × 45) was performed to obtain a corrected p-value (p<0.05 considered significant). Peak identification is achieved by searching for the voxel in the statistical parametric mapping with the largest value (smallest p-value). For cluster localization, each cluster is formed as a set of contiguous voxels with chi-square values exceeding a pre-defined cluster forming threshold, where contiguity is defined by an order-18 neighbourhood (voxels need at least a common edge to be connected).
The cluster-forming threshold is set to an uncorrected p-value threshold of 0.02. The largest cluster size is defined in RESELs (Resolution Elements) by the random field theory, number of voxels, as well as their GM volumes (Ge et al., 2012) . The corresponding p-value and its region-wise Bonferroni correction of each cluster is calculated using "stat_thresh" in the NS toolbox of SPM5.
Peak and cluster analysis was also carried out for individual SNP, where p-values survived both region-wise and SNP-wise Bonferroni correction, i.e. ×(45×6).
Each SNP that survived in the SNP-wise VWAS above was picked up to divide the whole sample into two groups: one group comprising the subjects for whom the major allele of this SNP occurs twice, i.e. whose number of copies of the major allele is 2, and the remaining, i.e. whose number of copies of the major allele is 0 or 1. Then, student t-tests were conducted to compare the GM volumes of the significant voxels in each brain region (AAL) surviving in the SNP-wise VWAS for this SNP in the two groups.
Link-wise association analysis (LWAS). The functional links associated with DISC1
SNPs were analysed by LWAS using regions with significant voxels identified by the previous VWAS analysis as seeds. Here, a 5mm radius sphere centred at the significant peak voxel in each AAL brain region identified by VWAS, acted as the seed ROI and the whole brain was parcellated into 1072, non-overlapping ROI cubes with a side-length of 12 mm.
We then obtained the functional correlation between the seed and cube ROIs by calculating the group correlation coefficients (GCCs) of the time courses from fMRI data (see above).
Analogous to VWAS, we utilised the multi-locus approach of a semi-parametric regression model (see above) to relate the functional link from the seed ROI to the others with SNPs. The six SNPs were considered in the model and the LSKM approach was used to achieve statistical parametric mapping of chi-square test statistics. An ROI-wise Bonferroni correction was performed by multiplying uncorrected p-values by the number of the cube ROIs, i.e. ×1072.
We also studied the correlation between each single SNP and the functional connection from the seed ROI to each non-overlapping cube ROI. The Bonferroni correction used both ROI-wise and SNP-wise, i.e. ×(1072×6). Thus, in this model we let v be the index of cube ROI and ) (v Y i denote the group correlation coefficients from the cube ROI v to the predefined seed. Here we report correlation coefficients without Fisher r-z transformation, however we have confirmed that the same overall results are obtained from our LWAS analysis following a Fisher transformation (data not shown).
Each SNP that survived in the SNP-wise LWAS above was picked up to divide all of the subjects into two groups: one group comprising subjects whose number of copies of the minor allele is 2, and the other of those whose number of copies of the minor allele is 0 or 1.
A, students t-test was then conducted to compare the correlation coefficients of the significant links surviving in the SNP-wise for this SNP-wise LWAS in the two groups.
Correlations with PANSS scores, illness durations and medication dose. Pearson
correlations were used to investigate associations between PANSS scores, illness durations and medication dose (daily dose in chlorpromazine equivalents), and GM volumes (VBM) respectively that survived the VWAS analysis, and the strength of functional links that survived the LWAS analysis.
Internal validation by dn-Jackknife. Jackknife, like bootstrap, is a widely-used technique for resampling to verify the accuracy and robustness of a statistical approach (Miller, 1974) .
In addition to delete-one resampling, the general dn-Jackknife approach (i.e. delete-(n-dn) Jackknife) approximates the true distribution of the statistics of interest by selecting all sample subsets of the size dn without replacement, and is particularly useful for cases with small sample sizes. The empirical distribution by dn-Jacknife converges to the true one asymptotically, and especially satisfies first and second-order properties (Babu and Singh, 1985, Bertail, 1997) . Here we utilised Jackknife using two steps. (1). Resampling: we selected 90% (63 subjects) of samples without replacement from the original whole sample set (71 subjects); (2). Re-calculating: we calculated the chi-square statistics and their uncorrected p-values by the same multi-locus model and LSKM approach (see above) based on this sub-sample set. Since we cannot carry out calculations for all sub-sample sets without replacement (i.e. >10 9 ), we randomly selected the subsample set 10000 times with equal probabilities to generate the empirical distribution. This proved to be robust despite the random selection of 10000 sub-sample sets (data not shown). Instead of the statistic of interest (chi-square), we show the empirical distribution of the uncorrected p-values for the chi-square statistics and compare it with the original (for all samples).
We did not use bootstrap by resampling with replacement since in this case the replacement causes unexpected replication of subjects and increases the number of zero elements in the kernel matrix of LSKM. This might influence the order of the chi-square statistics and thus make their values incomparable for different resampling processes.
Results

VWAS analysis
The VWAS analysis based on all six SNPs found a number of voxels that survived after region-wise Bonferroni correction with four peak voxels, significantly associated with DISC1
variants. Using Talairach co-ordinates they were located in the right precuneus ([14,-52,36] , Table 2 , Figures 2 and 3 ). For the cluster analyses, the only significant cluster was also found in right precuneus and right middle cingulate gyrus and this was associated with rs1535530. Carriers of the TT genotpye in rs1535530 showed increased GM volumes for these significant voxels in both right precuneus and right middle cingulate gyrus compared to the individuals with CC/CT genotypes (Figure 4a-b) but genotypes of rs2738880 were not significantly correlated with GM volumes for these significant voxels in the post-central gyrus (Figure 4c ).
LWAS analysis
A 5mm radius ROI sphere centred at the peak voxel in the right precuneus identified with the six common SNPs was set as a seed and its functional connectivity with the remaining cube ROIs (1072 ROIs) was investigated. The LWAS analysis identified a significant cube ROI with a region-wise Bonferroni corrected p-value 0.0154 in the right triangular inferior frontal gyrus, as shown in Figure 5 and Table 3 . This significant cube ROI was also associated with SNP rs821617 alone (p = 0.0346 after correction) ( Figure 5 , Table 3 ). Here genotypes of this SNP were significantly correlated with the correlation coefficients of this link (Figure 4d ).
In the same way, we also set 5mm radius ROI spheres centred at the peak voxel in the left precuneus, the right post-central gyrus and right middle cingulate gyrus, identified with the six common SNPs, as seeds, and investigated functional connectivity with the remaining cube ROIs. However, no significant cube ROIs had significantly associated functional connections (Table 3) .
Links with symptom severity and illness duration as well as medication dose in schizophrenia patients
After the VWAS and LWAS, we calculated Pearson correlations between the SNP-associated GM volumes and functional connections and PANSS scores as well as illness durations and medication dose in the schizophrenia patients (Tables 2 and 3 
Internal validation of VWAS and LWAS
For VWAS, first we selected the four peak voxels located in the right precuneus ([14,-52,36] in Talairach Overall in healthy subjects and schizophrenia patients, rs2738880 showed significant links with the right post-central gyrus GM volume and a trend towards significance for the link within the left precuneus(peak voxels), as well as the right and left precuneus and middle cingulate gyrus GM volumes (clusters). Additionally rs1535530 was associated with GM volume (both peak voxels and clusters) in the right precuneus and middle cingulate gyrus.
Functional connectivity between the right precuneus and the right triangular inferior frontal gyrus was associated with rs821617. However, only GM volumes in the left precuneus and right post-central gyrus were positively correlated with negative symptom severity in patient.
Thus DISC1 polymorphisms may be important in regulating precuneus and post-central gyrus function and contribute to negative symptom severity in schizophrenia.
In support of our findings a previous study has provided some preliminary evidence using an independent component analysis for an association between precuneus activation during an auditory oddball task and the DISC1 SNP rs 821616 (S704C) in schizophrenia (Liu et al., 2009 ). The precuneus is a key component in the brain default circuit and as a "rich club" member has many long distance connections and able to exert widespread influence on both cortical and limbic functions Marrelec, 2008, van den Heuvel et al., 2012) . There is increasing evidence for a key involvement of the precuneus in schizophrenia.
We have previous reported that altered resting state functional connectivity in a parietal circuit including the precuneus was the most altered in schizophrenia patients from Taiwan (Guo et al., 2012 ). The precuneus also shows altered resting-state activity (Kühn and Gallinat, 2013 ) and task-related deactivation in schizophrenia (Garrity et al., 2007 , Whitfield-Gabrieli et al., 2009 . Some studies have also reported precuneus GM volume reductions , Morgan et al., 2010 , Tanskanen et al., 2010 , although others have not (Glahn et al., 2008 , Guo et al., 2012 . The precuneus is involved in many different behavioural functions (Cavanna and Trimble, 2006) including reflective and self-related processing (Kjaer et al., 2002 , Lou et al., 2004 , awareness and conscious information processing (Kjaer et al., 2001 , Vogt and Laureys, 2005 , Cavanna, 2007 , empathy (Harvey et al., 2013) , episodic memory (Lundstrom et al., 2003 , Lundstrom et al., 2005 , Dorfel et al., 2009 ) and visuo-spatial processing (Wenderoth et al., 2005) . Many of these functions are impaired in schizophrenia, and most notably studies have reported altered precuneus function associated with impaired self-processing (Zhao et al., 2013) , insight (Faget-Agius et al., 2013) and empathy (Harvey et al., 2013) in schizophrenia patients.
A significant positive correlation was found between DISC1 associated GM volume in the left precuneus and negative PANSS scores. Several previous studies have reported links between DISC1 polymorphisms and positive symptoms associated with structure and function of the hippocampus and prefrontal cortex (Callicott et al., 2005 , Di Giorgio et al., 2008 , Szeszko et al., 2008 . Since schizophrenia is associated with extensive overall GM loss in the brain it is perhaps surprising that we observed a positive correlation between negative symptom severity and GM volume , Glahn et al., 2008 , Lui et al., 2009 , Guo et al., 2012 . However, similar positive correlations with negative symptoms have been reported previously (Nesvag et al., 2009) . A potential explanation may be that increased GM volume in the DISC1 associated region of the precuneus reflects compensatory changes resulting in increasing dysfunction.
In contrast with the precuneus, many studies have reported reduced GM volume in the post-central gyrus in schizophrenia (Glahn et al., 2008 , Tanskanen et al., 2010 , Guo et al., 2012 . The post-central gyrus is engaged in somatosensory and motor processing and both are impaired in schizophrenia (Dazzan and Murray, 2002) . The post-central gyrus is also involved in processing of emotional faces and shows altered responses to fear faces in Caucasian and Chinese schizophrenia patients (Phillips et al., 1999 , Li et al., 2012 . Further, a recent study has reported an association between the DISC1 variant rs1538979 and postcentral gyrus activation in schizophrenia patients in the Hayling sentence completion task (Chakirova et al., 2011) . Consistent with these broad functions of the post-central gyrus we found that its GM volume was, associated with DISC1 variant rs2738880 and positively correlated with negative PANSS scores.
The DISC1 protein promotes growth of dendritic spines and functions presynaptically at glutamatergic synapses (Brandon et al., 2009 , Maher and LoTurco, 2012 . In the parietal cortex DISC1 is localized on dendritic spines, which are primarily glutamatergic, and there is evidence for pathology of cortical dendritic spines in schizophrenia (Kirkpatrick et al., 2006 , Bennett, 2011 . Indeed, it has been hypothesized that the cognitive and negative symptoms of schizophrenia are produced by hypofunction of cortical glutamatergic transmission (Marsman et al., 2013 ). The precuneus also shows increased activity following treatment NMDA receptor antagonists such as ketamine and memantine (Deakin et al., 2008 , Lorenzi et al., 2011 . Thus, DISC1 associated increases in precuneus GM volume may reflect compensation for reduced glutamatergic signalling leading to increased dysfunction and negative symptom severity.
The functional link between the precuneus and IFG is associated with episodic and working memory, which are both disrupted in schizophrenia and these regions show reduced activation during decision-making in an item recognition task in patients (Paulus et al., 2002 , Lundstrom et al., 2005 , Kim et al., 2009 , Grillon et al., 2010 . Such cognitive dysfunctions are not strongly reflected in PANSS scores, which may explain the absence of correlations with this functional link. Working memory impairments in schizophrenia have also been linked with genetic susceptibility and DISC1 polymorphisms with working memory performance , Park et al., 1995 (Duff et al., 2013) . While the current study had insufficient subjects to establish associations with different DISC1 allele carriers, rs1535330 and rs821617 CC/CT and GG/AG carriers were significantly different from TT and AA ones for GM volumes and functional connectivity respectively.
There was also a trend for rs2738880 GG/GA carriers to have higher genenal PANSS scores (See Figure 6 ).
The major allele frequency of rs6675281 (L607F) Given that a number of previous studies both in psychiatric patients and transgenic mouse models have emphasised links between DISC1 and structural and functional changes in the frontal cortex and hippocampus (Callicott et al., 2005 , Duff et al., 2013 , Thomson et al., 2013 , it is perhaps surprising that our brain-wide association study failed to support this, other than in terms of the functional link between the precuneus and the triangular inferior frontal gyrus. This may reflect the fact that we only found links with novel DISC1 polymorphisms, whereas previous studies showing DISC1 associations with the frontal cortex and hippocampus have focussed mainly on L607F (rs6675281) and S704C (rs821616).
In our study we did not find any associations with either of these two polymorphisms although, as discussed above, rs2728880 and 1525530 are close to L607F and rs821617 has a tight linkage with S704C.
A limitation of this study is that there were insufficient numbers of unmedicated schizophrenia patients (8/46) to assess if neuroleptic medications per se contributed to our findings. However, there were no correlations between structural or functional connectivity associations with DISC1 polymorphisms and medication dose in patients, which suggests that antipsychotic drugs were unlikely to have had a significant influence on our findings.
In summary we have shown that both GM volume and functional connectivity of the precuneus are associated with DISC1 variants and negative (GM) symptom severity.
Additionally, right post-central gyrus GM volume is also associated with negative symptoms and rs2738880. The DISC1 related GM volume changes were all positively correlated with negative symptoms suggesting that compensatory increases in volume in these regions may contribute to dysfunction. 
